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The possibility of obtaining silicon carbide based ceramic by liquid-phase sintering with modification by 
eutectic additives is examined. It is shown that the samples synthesized are similar to silicon carbide samples 
obtained by reaction sintering, but they surpass the latter in terms of energy efficiency. 
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The concepts for transforming Russian industry are 
based on the creation of technologies for fundamentally new 
materials that make it possible to develop new sectors of the 
economy. The latter applies fully to ceramics, metals, poly¬ 
mers and glass; it also touches upon composite materials that 
can be produced on their basis. 

Looking at ceramic materials science it becomes evident 
that ceramic materials are characterized by unique physical 
and technical properties which no one class of materials pos¬ 
sesses. Construction ceramic displaces a number of metals 
and alloys used for similar purposes. The average yearly in¬ 
crease in the production of construction ceramic in the USA 
in 2002-2008 was 11.8% in terms of cost. Ceramics, con¬ 
taining mainly SiC, Si 3 N 4 , A1 2 0 3 and Zr0 2 now account for 
more than 20% of the world production of construction ma¬ 
terials, and their role will increase in the future, in several de¬ 
cades equaling and possibly even surpassing the contribution 
of metals to the production of construction materials [1 - 3]. 

New approaches to the technology of synthesizing 
strengthening components, the principles for picking and 
types of sintering additives, as well as improving methods 
for preparing powders and heat-treatment regimes make it 
possible to significantly improving the physical and chemi¬ 
cal properties of silicon carbide materials. 

There is a real need to create a fundamentally new me¬ 
thodology for developing modem ceramic materials that is 
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based, on the one hand, on new approaches to picking modi¬ 
fying components (sintering, strengthening and others) and, 
on the other hand, on improving existing technological prin¬ 
ciples at all stages of the development of a material that 
would make it possible in fabricating specific articles to rea¬ 
lize to the maximum extent possible the unique properties of 
the chemical compounds comprising a ceramic material. 
Therefore, conceptually, designing new-generation materials 
must be viewed from the standpoints of the interrelations and 
mutual influence in the system composition - structure - 
property - technology. This approach is general and can be 
implemented in creating construction and durable SiC-based 
composite materials. 

Undoubtedly, there are diverse ways for solving these 
problems in application to specific operating regimes of 
parts. Nonetheless, the basis for them is an understanding of 
the physical and chemical processes occurring at all stages of 
ceramic material design, specifically, during grinding (gives 
rise to mechanical-chemical activation), molding (responsi¬ 
ble for the formation of the primary structure) and firing 
(makes it possible to realize the microstructure of the ce¬ 
ramic). These technological stages are the fundamental 
stages in the design process and are responsible for all the 
properties of the materials and articles. 

In the formation of micro structure (the main problem in 
the case at hand is to attain the maximum density and a 
fine-crystalline structure) it is not so much the methods of 
dispersion that merit special attention but rather the methods 
of condensation (such as the processes at the nanolevel — 
sol-gel process, heterophase precipitation and others), mak- 
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ing it possible to obtain narrowly fractionated, spherical, mi¬ 
cro- and nano-size powders. The latter is especially impor¬ 
tant, because according to the Gibbs-Helmholtz equation the 
maximum contribution to the excess surface energy of the 
system increases considerably as particle size decreases. 

In summary, it must be concluded that the main concept 
in designing materials with fundamentally new properties in¬ 
volves the following: 

- a systematic holistic approach to studying the pro¬ 
cesses responsible for the formation of the structure and 
properties of a ceramic material; 

- establishing the interrelations in the series composi¬ 
tion - structure - properties - technology; 

- combining fundamentally new approaches to picking 
modifying components on the one hand and improving the 
existing technological principles at all stages of the develop¬ 
ment of a material on the other. 

Silicon carbide is one of the most promising oxygen-free 
refractory compounds for obtaining construction materials 
for use at high temperatures. This is explained by a complex 
of properties which are characteristic for this compound: 
high melting temperature, hardness and thermal and corro¬ 
sion-erosion resistance in combination with very low density 
compared with metals and alloys based on them (3.20 g/cm 3 ). 

The principles of directly creating related structures 
where the crystalline phases comprising the ceramic have 
identical structural characteristics form the basis of the tech¬ 
nology for obtaining high-strength materials. To secure high 
strength it is necessary to realize dense intergrowth of crys¬ 
tals in the absence of porosity, which requires high-tempera¬ 
ture firing. The extreme energy-intensiveness of these pro¬ 
cesses makes it necessary to find new methods of controlling 
the formation of microstructure by using additives to de¬ 
crease the sintering temperatures while maintaining high 
strength. 

Immediately after melting a substance comprises a col¬ 
lection of irregular formations in dynamic equilibrium as 
well as regions with regular structural cybotactic groups. 
Thus, a melt is micro-nonuniform. Cybotactic groups can 
move in space and form structural combinations whose life¬ 
time depends on the intensity of the thermal motion and the 
bond strength. 

The structure and properties of melt depend mainly on its 
composition and are determined by the character of the inter¬ 
action between acidic and basic elements. Regulation of the 
composition, structure and properties of the liquid makes it 
possible to control the processes leading to the formation of 
the required structure in order to obtain ceramic with pre¬ 
scribed properties, since the parameters of ions united into an 
ensemble differ strongly from the characteristics of indivi¬ 
dual ions and from the parameters of macro systems. 

A promising method of controlling the formation of 
structure in SiC- based materials is to use as modifiers 
eutectic compositions (eutectic additives) because of the low 
melting temperatures and the presence of structured elements 


in the liquid, which carry a “genetic” memory of the crystal¬ 
line phases of the eutectic, with ordered fine-crystalline 
structure. Therefore, the mass transfer during sintering of the 
material can be regulated by optimizing the composition, 
structure and properties of the liquid phase on the basis of 
knowledge about the physical chemistry of the processes oc¬ 
curring during high-temperature treatment of materials. 

The combined use of oxide eutectic additive and nano- 
disperse silicon-carbide powder makes it possible to create 
fundamentally new composite ceramic materials for use in 
the presence of intense external actions of different nature. 
Highly disperse crystallized phases of a eutectic protect SiC 
from oxidation, while nano-disperse silicon carbide powder 
imparts to a material the required strength, hardness and high 
thermophysical properties. 

A fundamental aspect of the technology of new, compos¬ 
ite, ceramic materials based on SiC is the use of, aside from 
the conventional nano-powders, oxides as starting compo¬ 
nents. The nanopowders synthesized by chemical methods 
are mechanically activated together with oxygen-free com¬ 
pounds in order to obtain a uniform mixture of powders that 
is highly active to sintering. 

The choice of eutectic additives for creating silicon car¬ 
bide based compositions is based on the results of physi¬ 
cal-chemical calculations and experimental studies in the 
course of which it was established that on heating most ox¬ 
ides promote dissociation of oxygen-free compounds with 
gaseous products of the reaction being released. Silicon car¬ 
bide remains stable to high temperatures in the presence of a 
limited number of oxides, among which are aluminum, mag¬ 
nesium, calcium and yttrium oxides. 

A synthesized composite ceramic material is a disper¬ 
sion-ordered (by nano-size particles) regular structure in 
which due to their affinity to silicon carbide the phases of the 
oxide components are adsorbed on the surface of its par¬ 
ticles. 

Such a composite ceramic makes it possible to fabricate 
the elements of the final form by isostatic pressing and sub¬ 
sequently fire them up to a high-density state. This elimi¬ 
nates the need for laborious mechanical working operations 
required for the fabrication of metallic elements followed by 
grinding and polishing of their working surfaces. 

The information now available in the scientific and pat¬ 
ent literature on composite ceramic materials based on re¬ 
fractory oxide and oxygen-free compounds belonging to dif¬ 
ferent classes attests to the possibility of creating new com¬ 
posite materials with prescribed characteristics. 

Analysis of publications concerning ceramic materials 
science shows that most research is focused on creating com¬ 
posite materials with high fracture toughness, strength, elas¬ 
tic modulus, thermal stability and other very important prop¬ 
erties in order to ensure that critical ceramic articles operate 
reliably when subjected to forces of different nature. 

Refractory ceramic materials are characterized by high 
hardness and elastic modulus, whose values surpass those of 
metals and alloys, as well as minimal values of the linear 
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TABLE 1 . Composition and Theoretical Density of SiC Ceramic 
with Oxide Additives [12] 


Composition 

Component content, wt.% 

Theoretical den- 

No. 

a-SiC 

Al 2 0 3 -Y 2 0 3 -Mg0 

sity p t , g/cm 3 

1 

95 

5 

3.25 

2 

90 

10 

3.30 

3 

85 

15 

3.34 

4 

80 

20 

3.38 


thermal expansion coefficient (CLTE) and high melting tem¬ 
peratures. 

The strength of a ceramic can be increased by decreasing 
the grain size of the main phase or by introducing a second 
component. A significant number of publications, including 
[4-7], are devoted to solving the problem of increasing the 
fracture toughness of ceramic materials by using fibers and 
dispersion-hardening particles of different compounds. 

Dispersion-hardening particles have a number of advan¬ 
tages over continuous and discrete fibers, since they are not 
prone toward forming agglomerates or orientation, as a result 
of which ceramic composites become isotropic. Dispersion 
hardening of a silicon carbide matrix can be realized by us¬ 
ing particles of oxygen-free and oxide fills. 

Composite ceramic materials developed abroad (China, 
Japan, USA) on the basis of silicon carbide with additives of 
hardening particles of silicon carbide, zirconium diboride 
and boron nitride are well known. Such materials possess 
high mechanical characteristics: their ultimate strength in 
bending reaches 800 MPa, hardness 15-19 GPa and frac¬ 
ture toughness 5-6 MPa • m 1 / 2 [8-11]. 

The use of liquid-phase sintering additives in obtaining 
silicon carbide ceramics can significantly intensify the syn¬ 
thesis process and increase the degree of compaction of ce¬ 
ramic material. In liquid-phase sintering the bonding of the 
constituent particles of the system increases, and the wetting 
liquid phase increases the rate of diffusion of the components 
and facilitates the movement of the solid-phase particles. 

In recent years many works have been devoted to the de¬ 
velopment of a technology of ceramic materials based on liq¬ 
uid-phase sintering of silicon carbide with the use of oxide 
additives. For example, the results of research on obtaining 
by liquid-phase sintering high-density materials based on sil¬ 
icon carbide at temperatures 1800 - 1900°C are presented in 
[12]. Mixtures of oxides in the system Al 2 03 -Y 2 03 -Mg 0 , 
forming a binary eutectic MgO • A1 2 0 3 -3Y 2 0 3 • 5A1 2 0 3 at 
1775°C, were used as sintering additives. SiC powder with 
average particle size 0.8 pm as well as A1 2 0 3 , Y 2 0 3 and 
MgO powders with average particle size 1.2, 0.8 and 0.6 pm 
were used. Four compositions with different concentrations 
of the oxides were chosen for densifying material to study 
the effect of oxide additives, taken in ratios ensuring that a 
eutectic in the ternary system Al 2 0 3 -Y 2 0 3 -Mg0 is obtained. 


TABLE 2. Characteristics 
Al 2 0 3 -Y 2 0 3 -Mg0 [12] 

of Eutectic 

Points of 

the System 

Quasibinary 
eutectic No. 

Eutectic tern- 

Eutectic composition, mol.% 

perature, °C 

MgO 

y 2 o 3 

ai 2 o 3 

e8 

1790 

37.0 

42.0 

21.0 

e9 

1740 

38.0 

31.0 

31.0 

elO 

1760 

27.5 

22.5 

50.0 

ell 

1775 

21.0 

21.0 

58.0 


The computed densities of these materials are presented in 
Table 1. 

Four binary eutectic points, whose temperatures and 
compositions are presented in Table 2, were established in 
the system Al 2 0 3 -Y 2 0 3 -Mg0 (Fig. 1) on lines of the sec¬ 
tions between Mg0-Y 4 A1 2 0 9 (e8), MgO-Yal0 3 (e9), 
YA10 3 -MgAl 2 0 4 (elO) and Y 3 Al 5 0 12 -MgAl 2 0 4 (ell). 

The samples were fired in a high-temperature vacuum 
furnace with graphite heaters and lining in an atmosphere 
consisting of ultrapure argon in the temperature internal 
1800 - 1900°C with isothermal soaking for 40 min. 

The structure of the material is represented by fine grains 
(Fig. 2) with predominately regular faceting. The authors re¬ 
port that the size of the solid-phase particles depends on the 
rate of heating, the isothermal soaking time and the amount 
and composition of the liquid phase. 

For the minimum content of the oxide additive the sili¬ 
con carbide particles are wetted by a thin layer of oxide, 
making impossible to optimize the liquid-phase densification 
process, which results in high porosity and very low mecha¬ 
nical characteristics. As the oxide fraction increases to 
10 wt.% the amount of the liquid phase increases, which pro¬ 
motes active liquid-phase densification of the material and 
results in very small growth of silicon carbide grains. An im¬ 
portant parameter for ceramic materials is the porosity. Its 


MgO 



Fig. 1 . Phase diagram of the system (mol.%) Al 2 0 3 -Y 2 0 3 -Mg0 
[ 12 ]. 
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Fig. 2. Micro structure of sintered silicon carbide materials obtained 
at 1860°C: a) composition 1; b) composition 2; c ) composition 3; 
d ) composition 4 (see Table 1 for composition numbers) [12]. 


value decreases the mechanical properties significantly 
(Table 3). 

Research established the optimal sintering temperature 
of the composition SiC-Me(Al, Mg, Y)0 to be 1860 ± 10°C, 
which ensures that a high-density fine-crystalline structure of 
the material with uniform distribution of the components is 
obtained [12]. 

The materials obtained possess high strength in bending 
at least 660 ±15 MPa, fracture toughness K lc > 5.5 + 
0.2 MPa • m 1 / 2 and Vickers hardness > 18.5 ± 0.3 GPa [12]. 

The authors of [13] investigated samples with constant 
content of A1 2 0 3 , Y 2 0 3 (7 and 2 wt.%, respectively) and dif¬ 
ferent content of CaO (1 and 3 wt.%) as modifying addi¬ 
tives. Sintering to relative density > 95% was observed in the 
temperature interval 1750- 1900°C. Compaction occurring 
with the participation of the liquid phase formed by A1 2 0 3 , 
Y 2 0 3 and CaO resulted in the formation of fine, elongated, 
equiaxial grains with average size <10 pm. The hardness, 
elastic modulus and fracture toughness depended on the fir¬ 
ing temperature and microstructure. As firing temperature in¬ 
creased to 1800°C the mechanical properties increased ini¬ 
tially and then decreased with temperature increasing to 
1900°C. The samples fired at 1800°C exhibited the highest 
maximum fracture toughness, microhardness and elastic 
modulus. 

The results of liquid-phase sintering of silicon carbide 
with A1N-Y 2 0 3 , A1 2 0 3 -Y 2 0 3 and Si0 2 -Y 2 0 3 additives are 
presented in [14]. The average particle size of all powders is 
0.75 pm. The total content of additives was 20 vol.%, the 
Y 2 0 3 content being 35 vol.% in each system of additives. 


TABLE 3. Porosity and Grain Size of the Solid Phase of SiC-mate- 
rials with Oxide Additive in the System Al 2 03 -Y 2 03 -Mg 0 [12] 


Composi¬ 
tion No. 

Sintering 

temperature, 

°C 

Porosity P 
(±0.3), % 

Pore size, pm: 

Grain size 

max 

min 

(/max . 

1 

1800 

12.4 

2.0 

0.7 

1.0 


1830 

8.5 

1.8 

0.8 

1.2 


1860 

6.0 

2.4 

0.7 

2.0 


1900 

9.6 

4.0 

1.0 

2.6 

2 

1800 

11.0 

1.9 

0.6 

1.0 


1830 

5.5 

2.3 

0.6 

1.2 


1860 

1.4 

3.5 

0.9 

1.6 


1900 

7.8 

4.1 

1.1 

2.9 

3 

1800 

10.0 

2.3 

0.5 

1.1 


1830 

4.3 

2.5 

0.6 

1.5 


1860 

1.0 

3.1 

0.9 

1.8 


1900 

7.0 

4.2 

1.0 

3.2 

4 

1800 

7.9 

3.1 

0.5 

1.2 


1830 

3.2 

3.5 

0.7 

1.9 


1860 

1.0 

4.0 

0.9 

2.1 


1900 

1.9 

4.7 

1.0 

3.7 


The samples were fired at temperatures 1900, 2000 and 
2100°C in an argon atmosphere. 

Much-promising results were obtained for samples based 
on silicon carbide with A1 2 0 3 -Y 2 0 3 additive, which were an¬ 
nealed at 2000°C and manifest the lowest mass losses (about 
6 wt.%) and the highest average strength in bending — about 
433 MPa. The samples with A1 2 0 3 -Y 2 0 3 and Si0 2 -Y 2 0 3 ad¬ 
ditives showed the highest mass losses because of the reac¬ 
tions of A1 2 0 3 and Y 2 0 3 with the SiC matrix with formation 
of gaseous substances, such as A1 2 0 3 , SiO and CO. As a re¬ 
sult of these processes the liquid phase is exhausted, which 
degrades the density and mechanical properties. 

Analysis of the microstructure showed that only the 
P-SiC phase is present in all samples. The phase transforma¬ 
tions of p-SiC and a-SiC are not observed (Fig. 3). 

The similarity of the chemical and physical properties 
between the rare-earth oxides and Y 2 0 3 led M. Balog [5] to 
the idea of replacing Y 2 0 3 by other rare-earth oxides. This 
work is devoted to SiC-based ceramic obtained by modifying 
its mixture with rare-earth oxides (Y 2 0 3 , Yb 2 0 3 and Sm 2 0 3 ) 
and AIN. 

The compositions of the experimental samples are pre¬ 
sented in Table 4. The samples were fabricated by hot press¬ 
ing at 1850°C in 1 h under mechanical load 30 MPa in an 
Ar + N 2 atmosphere and then fired at 1900°C in 10 h in the 
same atmosphere. 

Relatively high values of the density were obtained. This 
confirms the possibility of using these additives for liquid- 
phase sintering of silicon carbide (Table 5). 

The microstructure of the new ceramic is displayed in 
Figs. 4 and 5. The studies showed that firing after hot-press- 
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Fig. 3. Micro structure and cleavage surface of samples fired at 
2100°C with additives A1N-Y 2 0 3 (a, b), AI 2 O 3 -Y 2 O 3 (c, d ) and 
Si0 2 -Y 2 0 3 (e,f) [14]. 

ing improves the mechanical properties of ceramic. The sam¬ 
ples with a significant content of elongated grains have a 
higher fracture toughness; conversely, samples with a finely 
disperse microstructure are characterized by higher strength. 

In [16] a strengthened SiC-based ceramic was obtained 
by hot-pressing followed by firing under pressure and using 
AIN and Re 2 0 3 (Re = Y 3+ , Yb 3+ ) as sintering additives. The 
microstructure of the ceramic is represented by elongated 
grains of a-SiC and an interstitial space in the form of a 
glassy phase. The strength was analyzed at high temperatures 
(1600°C) for silicon-carbide ceramic with additives AIN and 
Er 2 0 3 as well as AIN and Y 2 0 3 . a-SiC, p-SiC, AIN, Y 2 0 3 
and Yb 2 0 3 (99.9% purity) were used as initial powders; the 
average sizes of the a-SiC and P-SiC particles were 0.45 and 
0.27 pm, respectively; the specific surface areas of the pow- 


TABLE 4. Experimental Compositions [15] 


Content, wt.% 

sample 

SiC 

AIN 

y 2 o 3 

Yb 2 0 3 

Sm 2 0 3 

SiC-Y 2 03 -Yb 2 03 

87 

3 

4.6 

5.4 

— 

SiC-Y 2 03 -Sm 2 03 

87 

3 

3.9 

— 

6.1 

SiC-Yb 2 03 -Sm 2 03 

87 

3 

— 

5.3 

4.7 



Fig. 4. Microstructure of hot-pressed samples: a) SiC-Y 2 03 -Yb 2 03 ; 
b) SiC-Y 2 03 -Sm 2 03 ; c) SiC-Yb 2 03 -Sm 2 03 [15]. 



Fig. 5. Microstructure of fired samples: a) SiC-Y 2 0 3 ; b) SiC- 
Y 2 03 -Sm 2 03 ; c) SiC-Yb 2 03 -Sm 2 03 [15]. 


ders were 15 and 17.5 m 2 /g, respectively. The initial batch 
was hot-pressed at 1900°C for 1 h under pressure 25 MPa in 
a nitrogen atmosphere. Next, the hot-pressed materials were 
fired at 2000°C for 6 h under pressure 25 MPa. 

The relative densities of the synthesized materials are 
presented in Table 6. The hot-pressed and fired silicon car¬ 
bide based ceramic with AIN and Re 2 0 3 additives is charac¬ 
terized by density above 98.0%. The AIN and Re 2 0 3 addi¬ 
tives form a liquid phase with Si0 2 , which promotes com- 


TABLE 5. Relative Density of Hot-Pressed and Fired Samples [15] 


Composition 

Relative density, % 

Hot-pressed samples 

Fired samples 

SiC-Y 2 03 -Yb 2 03 

96.5 

94.3 

SiC-Y 2 03 -Sm 2 03 

95.8 

93.8 

SiC-Yb 2 03 -Sm 2 03 

94.5 

93.0 


TABLE 6. Characteristics of Silicon Carbide Based Ceramic with 
Additives in the Systems A1N-M 2 0 3 [16] 


Relative Crystalline phase 
Additive Batch components, wt.% density, — 

% primary secondary 


A1N-Y 2 0 3 

85.6 P-SiC + 0.9 a-SiC + 
2.9 AIN + 10.6 Y 2 0 3 

98.1 

a-SiC 

P-SiC 

A1N-Yb 2 0 3 

78.9 P-SiC + 0.8 a-SiC + 
2.7 AIN + 17.6 Yb 2 0 3 

98.6 

a-SiC 

p-SiC 

A1N-Er 2 0 3 

79.6 P-SiC + 0.8 a-SiC + 
2.7 AIN + 16.9 Er 2 0 3 

98.9 

a-SiC 

P-SiC 
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Fig. 6. Microstructure of SiC-based ceramic with additives: 
a) A1N-Y 2 0 3 and b ) A1N-YB 2 0 3 [16]. 


paction by liquid-phase sintering. The microstructure of the 
materials is represented by elongated grains, smaller in the 
case of the yttrium oxide additive (Fig. 6) [16]. The results of 
a determination of the ultimate strength in bending are pre¬ 
sented in Fig. 7. 

The silicon carbide based ceramic with yttrium oxide as 
additive manifests constant strength (650 MPa) from room 
temperature to 1350°C. At 1400°C the strength in bending 
decreases to 630 MPa, which remains to 1500°C. The silicon 
carbide ceramic with ytterbium oxide additive is character¬ 
ized by strength 550 MPa to 1500°C. At 1600°C the strength 
sharply decreases to 460 MPa, since the intergrain phase 
softens [16]. 



Temperature, °C 

Fig. 7. Strength in bending versus temperature: ■) A1N-Y 2 0 3 ; 
•) A1N-Er 2 0 3 ; A) A1N-Yb 2 0 3 [16]. 

Data on the high-temperature degradation of the proper¬ 
ties of liquid-phase-sintered silicon carbide due to the pres¬ 
ence of residues of the glassy phase are presented in many 
works [17-19]. It is shown that the intergrain glassy film 
has a positive effect on the low-temperature stability of the 
ceramic but limits the properties at temperatures above the 
softening point. 

A method of obtaining a dense ceramic by hot-pressing 
P-SiC powder at 1880°C under pressure 30 MPa with 
A1 2 0 3 -Y 2 0 3 as the sintering additive is examined in [20]. 
The character of the sintering and the characteristics of the 
microstructure of the new material depended on the type and 
amount of the liquid phase formed as a result of the interac¬ 
tion of additives with Si0 2 present in the initial powders. The 
process of pressure-less oxidation of the liquid-phase- 
sintered SiC with sintering additives 5A1 2 0 3 + 3Re 2 0 3 
(Re = La, Nd, Y, Er, Tm and Yb) was studied. 

The bending strength of the samples at 20 and 1000°C 
was about 750 and 550 MPa, respectively. The observed de¬ 
crease of the strength at 1300°C is due to the softening of the 
phase between the grains. For high-density materials the 
fracture toughness and hardness were 2.95 - 3.17 MPa • m 0 - 5 
and 21-23 GPa, respectively. 

An especially important characteristic of SiC-based ma¬ 
terials obtained by liquid-phase sintering is the essential con- 


TABLE 7. Batch Components and Process Conditions of Materials Based on Silicon Carbide [22] 


Additive Batch components, wt.% 


Process conditions 


Relative 

density, 


% 


Hot pressure 


Firing 


Tempera¬ 
ture, °C 


Time, h 


Pressure, 

MPa 


Medium 


Tempera¬ 
ture, °C 


Time, h 


Pressure, 

MPa 


Medium 


SCI 77.98 P-SiC + 0.79 cc-SiC + 11.40 AIN + 



19.82 Er 2 0 3 

99.0 

1900 

1 

25 

n 2 

2000 

6 

25 

n 2 

SC2 

85.60 P-SiC + 0.90 a-SiC + 13.50 Y 2 A1 5 0 12 

98.9 

1810 

1 

25 

Ar 

1910 

6 

25 

Ar 

SC3 

86.64 p-SiC + 0.87 a-SiC + 7.05 A1 2 0 3 + 
4.08 Y 2 0 3 + 1.36 CaO 

98.5 

1810 

1 

25 

Ar 

1910 

4 

25 

Ar 
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Fig. 8. Micro structure of silicon carbide with additives: a) SCI, b ) SC2, and c) SC3 [22]. 


tent (in their micro structure) of a secondary phase along 
grain boundaries and at triple points. The choice of sintering 
additives affects many properties which are important for use 
as a construction material. One of the leading properties is 
the resistance to oxidation as a result of the formation of sili¬ 
con oxide at the contact boundary with an aggressive me¬ 
dium. Oxidation occurs not only by direct diffusion of oxy¬ 
gen into the interior volume with formation of Si0 2 but also 
by back diffusion of metal cations from the intercrystallite 
phase and their subsequent reaction with part of the Si0 2 
formed [21]. 

Attention is been given to the healing of cracks in a sili¬ 
con-carbide ceramic obtained by liquid-phase sintering [22]. 
The heat-treatment temperature has a decisive effect on the 
degree to which strength is restored and the rate of healing of 
the cracks. After firing in air at the temperature with the au¬ 
thors of [22] call optimal, a crack vanishes almost com¬ 
pletely and the strength is restored to the level of the initial 
samples. It was shown that simple heat-treatment of SiC ce¬ 
ramic sintered with Ca0-Y 2 0 3 -Al 2 0 3 additive in air at 
1100°C for 1 h even leads to a further increase of the strength 
to 1054 MPa. 

In [22] a-SiC, p-SiC, AIN, Er 2 0 3 , Y 3 A1 5 0 12 , A1 2 0 3 , Y 2 0 3 
and CaO (99.9% purity) were used as the initial powders. 
The average particle sizes of the a-SiC and p-SiC powders 
were 0.45 and 0.29 pm, respectively, and the specific surface 
areas of the powders were 15 and 17.5 m 2 /g, respectively. 
The treatment regimes of the materials are presented in Ta¬ 
ble 7, and the batch compositions are also indicated. 

The heat-treatment time in air was 1 h in the temperature 
interval from 1200°C to 1500°C for the material SCI, 1100 
to 1300°C for the ceramic SC2 and 1000 to 1200°C for the 
composition SC3. 


TABLE 8. Fracture Strength and Strength in Bending [22] 


Material 

Ultimate strength 
in bending, MPa 

Fracture toughness, 
MPa • m 1 / 2 

SCI 

717 ±46 

5.9 ±0.45 

SC2 

636 ± 12 

8.0 ±0.52 

SC3 

721 ±35 

7.0 ±0.47 


Figure 8 illustrates the effect of the crack healing process 
on the strength of the three materials studied. The ceramics 
SCI and SC2 are represented by plate-shaped grains of 
a-SiC; x-ray structural analysis attests to the presence of a 
phase transition p-SiC —» a-SiC occurring during firing. The 
material SC3 is represented by a set of plate-shaped grains of 
a-SiC and equiaxial grains of the matrix. The values of the 
fracture toughness and strength in bending at room tempera¬ 
ture of the materials SCI, SC2 and SC3 are presented in 
Table 8. 

In summary, it can be stated with confidence that li¬ 
quid-phase sintering of silicon carbide ceramic with the par¬ 
ticipation of eutectic additives is promising for obtaining ma¬ 
terials with high physical and mechanical properties com¬ 
bined with lower energy, resource and materials consump¬ 
tion. In the not too distant future silicon carbide ceramic will 
be able to replace heat-resistant alloys operating at very low 
temperatures. 

In addition, the use of silicon carbide ceramic synthe¬ 
sized by liquid-phase sintering as armor materials will make 
it possible to raise the armor-protection class compared with 
the known types of ceramic armor with the same thickness. 
This is certain to open up wide prospects for it. 

REFERENCES 

1. Yu. D. Tret’yakov, “Ceramics in the past, present and future,” 
Sorosovskii Obrazov. Zh.: Khimya, No. 6, 53 (1998). 

2. F. Matthews and R. Rawlings, Composite Materials: Engi¬ 
neering and Technology [Russian translation], Tekhnosfera, 
Moscow (2004). 

3. T. Abraham, “Powder Market Update: Nanoceramic Applica¬ 
tions Emerge,” Am. Ceram. Soc. Bull., 83(8), 23 (2004). 

4. Urashima Kazuhiro and Watanabe Shoichi, Wear Resistant Sili¬ 
con Nitride Sintered Compact and its Production, Pat. JP 
7267738, Published 17 October 1995. 

5. Iwaida Tomohiro, Makino Akihisa, and Ishida Masanobu, Sili¬ 
con Nitride-Based Heat Radiating Member and its Production, 
Pat. JP 2000044351, Published 15 February 2000. 

6. I. M. Low (ed.), Ceramic Matrix Composites: Microstructure, 
Properties and Applications, Woodhead (2006). 

7. A. L. Chamberlain, “Low-temperature densification of zirco¬ 
nium diboride ceramics by reactive hot pressing,” J. Am. 
Ceram. Soc., 89(12), 3638 - 3645 (2006). 














254 


S. V. Zhitnyuk et al. 


8. Y. Yan, Z. Haung and S. Dong, “Pressureless sintering of high- 
density ZrB 2 -SiC ceramic composites,” J. Am. Ceram. Soc., 
89(11), 3589-3592 (2006). 

9. Chen Xin, Ceramic Composite Body of Silicon Carbide/Boron 
Nitride/Carbon, Pat. US 2006154800 , Published 13 July 2006. 

10. Fajardo Sola Pedro, Improved Refractory Coating for Ladles 
Used in the Stainless Steel Industry, Pat. WO 2007077267 , Pub¬ 
lished 12 December 2007. 

11. Nishimura Hiroyuki, Hidaka Akira, et al., Carbon-Containing 
Ceramic Sintered Compact, Pat. JP 3944871 , Published 25 May 
1998. 

12. S. N. Perevislov, V. D. Chupov, S. S. Ordan’yan, and M. V. Tom- 
kovich, “Obtaining high-density silicon carbide materials by 
liquid-phase sintering in the component system SiC-Al 2 0 3 - 
Y 2 0 3 -Mg0,” Ogneup. Tekh. Keram., No. 4 - 5,26 - 32 (2011). 

13. M. F. Zawrah and Leon Shaw, “Liquid-phase Sintering of SiC in 
Presence of CaO,” Ceram. Int., 30(5), 721 - 725 (2004). 

14. K. Streckera, S. K., Ribeiroa, D. Camargoa, J. Vieirab, and 
F. Oliveirab, “Liquid phase sintering of silicon carbide with 
A1N/Y 9 0 3 , A1 2 0 3 /Y 2 0 3 and Si0 2 /Y 2 0 3 additions,” Mat. Res., 
2(4), 249-254(1999). 

15. M. Balog, K. Sedlaekova, P. Zifeak, and J. Janega, “Liquid- 
phase sintering of SiC with rare-earth oxides,” Ceramics - 
Silikaty, 49(4), 259 - 262 (2005). 


16. K. Young-Wook, M. Mamoru and N. Toshiyuki, “High-temper¬ 
ature strength of liquid-phase-sintered SiC with AIN and Re 2 0 3 
(RE = Y, Yb),” J. Am. Ceram. Soc., 85(4), 1007 - 1009 (2002). 

17. M. Keppeler, H.-G. Reichert, J. M. Broadley, et al., “High-tem- 
perature mechanical behaviour of liquid-phase-sintered silicon 
carbide,”/. Eur. Ceram. Soc., 18, 521 - 526 (1998). 

18. D. H. Cho, Y-W. Kim, and W. Kim, “Strength and fracture 
toughness of in-situ-toughened silicon carbide,” J. Mater. Sci., 
32, 4777-4782 (1997). 

19. H. J. Choi, G. H. Kim, J. G. Lee, and Y.-W. Kim, “Refined con¬ 
tinuum model on the behavior of intergranular films in silicon 
nitride ceramics,” J. Am. Ceram. Soc, 81(11), 2821 -2827 
( 2000 ). 

20. D. Sciti and A. Bellosi, “Production and characterization of sili¬ 
con carbide by liquid-phase sintering,” Ceram. Int., 18(2), 
35 - 39 (2000). 

21. K. A. Weidenmann, G. Rixecker, and F. Aldinger, “Liquid phase 
sintered silicon carbide (LPS-SiC) ceramics having remarkably 
high oxidation resistance in wet air,” J. Eur. Ceram. Soc., 
26(13), 2453 (2006). 

22. K. Young-Wook, A. Kotoji, and C. M. Cheol, “Crack-healing 
behavior of liquid-phase-sintered silicon carbide ceramics,” J. 
Am. Ceram. Soc., 86(3), 465 (2003). 


